Hypertrophic cardiomyopathy (HCM) is a primary autosomal-dominant disorder of the myocardium with variable expressivity and penetrance. Occasionally, homozygous sarcomere genetic variants emerge while genotyping HCM patients. In these cases, a more severe HCM phenotype is generally seen. Here, we report a case of HCM that was diagnosed clinically at 39 years of age. Initial symptoms were shortness of breath during exertion. Successively, he developed a wide array of severe clinical manifestations, which progressed to an ominous end-stage heart failure that resulted in heart transplantation. Genotype analysis revealed a missense MYBPC3 variant NM_000256.3:c.2618C>A,p.(Pro873His) that presented in the homozygous form. Conflicting interpretations of pathogenicity have been reported for the Pro873His MYBPC3 variant described here. Our patient, presenting with two copies of the variant and devoid of a normal allele, progressed to end-stage heart failure, which supports the notion of a deleterious effect of this variant in the homozygous form.
Introduction
Although most patients with hypertrophic cardiomyopathy (HCM) have a good prognosis, a significant number suffer from life-threatening complications, primarily sudden cardiac death and end-stage heart failure. [1] [2] [3] The heterogeneous phenotypic expression of HCM has been related to its diverse genetic profile. In larger series,~3-5% of adult HCM patients prove to be compound or double heterozygotes for two diseasecausing variants in the same or different sarcomeric protein genes. [4] [5] [6] [7] Although data are still limited, indications are that patients with more than one sarcomere genetic variant, either in a compound heterozygote state or as a homozygous variant, have a more profound clinical profile of HCM. 4, 5, [8] [9] [10] [11] [12] [13] Case report
A 39-year-old man presented in 1998 with shortness of breath during exertion. Nine years earlier, in 1989, he was treated for myocarditis after an upper respiratory tract infection presumably due to a self-limited virus infection. No test was performed then for any specific viruses. The echocardiogram (ECHO) showed a mildly reduced septal movement of the left ventricle. A year later, during followup, a new ECHO showed an entirely ordinary function of the left ventricle, but the left ventricular wall was at the upper reference thickness limit. In the following 8 years, he did not have any heart problems. There was no family history of heart disease.
In 1998, the index patient experienced heart symptoms including breathlessness and therefore electrocardiography (ECG) ( Figure 1 ) and ECHO ( Figure 2 ) were performed. He had a regular sinus rhythm. Auscultation revealed a systolic murmur, heard best at the left parasternal region. The blood pressure was normal. The ECHO showed a thick interventricular septum at about 26 mm, and the posterior wall of the left ventricle was more than 16 mm thick. There were signs of outflow obstruction with a maximal flow velocity of 2.8 m/s at rest. An exercise test, where he cycled up to 130 W (55% of reference), was stopped because of a hypotension episode. He was initially treated with beta-blockers. As no positive effect had been observed, he had a pacemaker (PM) implanted in 1999 with short A-V interval. He was feeling better after PM implantation, and objectively, he was in a better condition.
He experienced several problems with PM pocket infections that resulted in surgical extraction of the whole PM system in 2010. His clinical condition remained stable until 2013. Then he was admitted because of severe retrosternal chest pain that was due to a heart attack. Primary coronary angiography showed that the third marginal branch of the circumflex artery was occluded. The left anterior descending artery showed only slight atherosclerosis. The coronary circulation was 'right dominant' as the posterior descending artery was supplied by the right coronary artery, without any essential narrowing. He was treated with a drug-eluting stent with a good result. As regards risk factors, he did not have any history of coronary artery disease and had no known thrombophilia. He was not obese, but he was smoking, which he stopped doing after the heart attack. He had slightly elevated cholesterol levels: total cholesterol of 6.8 mmol/L and LDL of 4.6 mmol/L. The ECHO showed a vigorous hypertrophied left ventricle with a septum thickness of 27 mm and at least moderate systolic dysfunction with a generally restrained wall motion. The worst abnormal movement was seen apically. No outflow obstruction was seen. The left atrium was moderately dilated. The pressure in the lung circulation was about 50 mmHg. The heart rate monitoring revealed short episodes of non-sustained ventricular tachycardia, and this, together with the hypertrophied septum, prompted an implantable cardioverter defibrillator Figure 1 The electrocardiography (ECG) of the index patient taken in 1998, when he was seeking medical advice for breathlessness. The ECG figure showed sinus rhythm with increased R-wave amplitude in the left-sided ECG leads (V4-V6) and increased S-wave depth in the right-sided leads (V1-V3), which are typical signs of hypertrophy of the left ventricle. MYBPC3 Pro873His mutation 717 implantation. A year later, he suffered from atrial fibrillation attacks. During these episodes, he was extremely limited in his physical condition with severe dyspnoea, fatigue, and lack of energy, precluding any activity. A spirometry was also performed, showing a normal FEV1/VC ratio of 81% and normal total lung capacity. He had an optimal medical heart failure therapy with full-dose beta-blockers, angiotensin-converting enzyme inhibitor and aldosterone antagonist. He was not a candidate for cardiac resynchronization therapy as he did not have a width-increased QRS complex. Ablation of his atrial fibrillation would not have had any profound effect because of the severe impairment of the ventricle systolic function.
In 2015, ECHO showed a slightly dilated (about 80 mL/m 2 ), asymmetrically hypertrophied left ventricle with severe impaired systolic and diastolic functions. VO 2 max cycling in 2016 showed that he had a severely reduced maximum oxygen uptake of 1.2 L/min, equal to 14 mL/kg/min. A heart catheterization was performed. At rest, there was hypokinetic circulation with a cardiac output of 3.6 L/min and a systolic system pressure around 105 mmHg. Enddiastolic left ventricular pressure was moderately elevated to 24 mmHg with a corresponding rise in the pulmonary capillary wedge pressure, and secondary to this, there was a moderate pressure increase in the pulmonary circulation (pulmonary pressure: 56/27 mmHg). Pulmonary vascular resistance was slightly higher, 2.7 mmHg/L/min. The filling pressure of the left ventricle rose even when he lifted his feet to the bike pedals at rest. During the exercise test load, the end-diastolic left ventricular pressure was severely elevated up to 38 mmHg, corresponding to a rise in pulmonary capillary wedge pressure and secondary elevated pressure in the pulmonary circulation with systolic levels of 70 mmHg. Magnetic resonance imaging of the heart was not performed, but the patient underwent a myocardial biopsy that showed moderate interstitial fibrosis, focal cell hypertrophy, and even atrophy, with no signs of storage/infiltrative disease. His severe clinical deterioration as well as the ominous results of the above examinations prompted a new heart to be transplanted, and he has recently undergone the operation well.
Genetic method
Next-generation sequencing with a heart cardiomyopathy gene panel, including 84 genes ( Table 1) , was performed. The index patient was found to be homozygous for the MYBPC3 variant NM_000256.3:c.2618C>A,p.(Pro873His). Multiplex ligation-dependent probe amplification was used to confirm that the MYBPC3 c.2618 G>A substitution was in true homozygous state. With American College of Medical Genetics and Genomics criteria 14 for predicting pathogenicity of genetic variants, MYBPC3 c.2618 C>A was predicted to be 'likely pathogenic' (Class 2) in the heterozygous state.
Clinical and genetic follow-up of relatives
Cascade genetic screening using Sanger sequencing was offered to family members, primarily to first-degree relatives (Figures 3 and 4) . The patient's parents were not alive and could not be genetically tested. There was no known consanguinity. So far, 12 family members have been analysed for the MYBPC3 c.2618 C>A variant. One brother to our index patient also had the mutation in the homozygous form and seven first-degree or second-degree relatives were shown to be heterozygous carriers of the variant. All the relatives who have the variant in heterozygous form have a normal ECG, a normal ECHO, and no heart problems so far.
Our patient (III: 2 in the pedigree) has three children, one daughter and two sons. The youngest son (IV: 3 in the pedigree) has not been properly evaluated yet. The eldest son (IV: 1 in the pedigree), who is 29 years old, has the variant in heterozygous form. He has a normal ECG, a normal ECHO, and no heart problems. Our patient's daughter (IV: 2 in the pedigree) is 25 years old. She also has the variant in heterozygous form. She does not have any cardiopulmonary symptoms either. ECHO in 2016 showed a normal-sized left ventricle with normal systolic and diastolic functions.
The patient's sister (III: 4 in the pedigree), who is 43 years old, has the variant in heterozygous form. She does not experience any heart problems. Her ECG shows sinus tachycardia, with 105 b.p.m. and slight ST-T changes inferiorly. The ultrasonography of the heart has been completely normal without any signs of cardiomyopathy. She has normal wall thickness of the left ventricle with normal systolic and diastolic functions. A cardiac stress test showed normal work capacity; she cycled up to 143 W (88% of reference) and stopped because of general fatigue. She has three children, two sons who are 16 and 10 years old (IV: 8 and 9 in the pedigree) and an 18-year-old daughter (IV: 7 in the pedigree). All of them have been offered genetic testing, and they are still waiting for the results. None of them have experienced any heart symptoms.
The patient's 54-year-old brother (III: 3 in the pedigree) who has the variant in homozygous form cycled 220 W (corresponding to 95% of reference) during an exercise test. No arrhythmia and no evidence of underlying coronary insufficiency were seen. He can sometimes experience a chest discomfort even at rest but no pain, dizziness, fainting, or shortness of breath. The ECHO showed a normal-sized left ventricle, regionally increased wall thickness, moderately increased septum (16 mm), slightly increased over the posterior wall (13 mm) and a normal systolic function (ejection fraction of about 56%). The ECG showed sinus rhythm with increased R-wave amplitude in the left-sided ECG leads, as seen in ventricular hypertrophy. This man has three sons (10, 16, and 20 years old; IV: 4, 5, and 6 in the pedigree). All of them are heterozygous for the variant and have normal ECGs and ECHOs. A cousin to our index patient (III: 1 in the pedigree) who is 52 years old also carries the variant in heterozygous form. He also has a normal ECHO and ECG and does not have any cardiac symptoms.
Discussion
In the majority of patients with familial cardiomyopathy owing to a variant in one of the genes encoding sarcomeric proteins, a single autosomal-dominant pathogenic mutation is found. MYBPC3 encodes for the thick filament-associated protein cardiac myosin-binding protein C (cMyBP-C), a signalling node in cardiac myocytes that contributes to the maintenance of sarcomeric structure and regulation of contraction and relaxation. MYBPC3 is the most frequently mutated gene in HCM, representing 40-50% of all HCM mutations. The majority of MYBPC3-associated HCM mutations are heterozygous, and patients often have a late disease onset with a benign disease progression. 15 Studies have also reported that 70% of the mutations in MYBPC3 are truncating variants, which cause a more severe HCM phenotype than those associated with missense and in-frame deletions. 16 In contrast to heterozygous pathogenic mutations, homozygous or compound heterozygous truncating pathogenic MYBPC3 variants cause severe neonatal cardiomyopathy, which leads to heart failure and death within the first year of life. 13 Furthermore, several studies have demonstrated that HCM patients carrying multiple pathogenic gene variants have poorer prognosis in terms of earlier disease onset, increased left ventricular hypertrophy, and increased frequency of heart failure and sudden cardiac death, when compared with those carrying a single mutation. 5, 6, 11, 16 Thus, the present case supports previous claims that rare homozygous variants may aggravate the clinical severity of HCM. Our HCM patient with a homozygous missense variant in MYPBC3 needed a heart transplantation, while his brother who also has the variant in homozygosis and the clinical phenotype of HCM will require specific attention at follow-up as there is the possibility of more adverse manifestations of HCM later. None of the heterozygotes in the family has so far demonstrated any sign of HCM. The MYBPC3 Pro873His variant described here has been reported in the Genome Aggregation Database (gnomAD; http://gnomad.broadinstitute.org/), at a frequency of 0.00006781 (14/206 446 in the entire studied population, 13/97 288 in the European non-Finnish population).
One fundamental question pertains to the nature of the gene product derived from the mutant allele. Certain mutant proteins may be more or less stable or incorporate more or less efficiently into the sarcomere. Wijnker et al. 17 compared the pathomechanisms of a truncating mutation and a missense mutation in MYBPC3 in engineered heart tissues. The widely accepted hypothesis is that truncating MYBPC3 mutations causes haploinsufficiency, as opposed to missense mutations, which incorporate into the sarcomere and act in a dominant-negative fashion. Some studies 18, 19 provided evidence that truncated cMyBP-Cs are not detectable in human patient samples, as they seem to be susceptible to degradation by nonsense-mediated RNA decay. In contrast to truncating mutations, missense mutations lead to stable mutant cMyBP-Cs that exert a more potent effect in disrupting sarcomere function. 16 The MYBPC3 variant described here presumptively leads to the substitution of a non-polar residue (Pro) with a positively charged residue (His). It occurs in the C7 domain of the protein and could interfere with the protein incorporation in the A-band of the sarcomere. The 'poison peptide' hypothesis proposes that mutant sarcomeric proteins incorporate into myofibrils and act as dominant-negative proteins. 20 Evidently, conflicting interpretations of pathogenicity have been obtained for heterozygous missense and compound heterozygous missense MYBPC3 variants. For example, another case was presented with the MYBPC3 Pro873His variant associated with HCM where one additional MYBPC3 (Asp745Gly) variant of uncertain significance was also observed. The patient was diagnosed with HCM at 18 years of age. He had asymmetric hypertrophy with a maximal wall thickness of 30 mm, and he had received appropriate therapy from his implantable cardioverter defibrillator. 10 Predictions from in silico tools were supportive of a deleterious effect. However, because of co-occurrence with an additional MYBPC3 variant, limited familial data, and insufficient evidence, the MYBPC3 Pro873His variant found in that patient must be classified as one of 'uncertain significance' according to American College of Medical Genetic and Genomics criteria. 14 In addition, the MYBPC3 Pro873His variant has been identified previously in an HCM individual who was also homozygous for the variant. 21 In that study, while trying to identify genes that are consistently associated to HCM progressing to dilated cardiomyopathy, the authors found a homozygous MYBPC3 Pro873His mutation in a man from a gipsy family, where consanguinity between the parents was very likely. That male patient was clinically evaluated at the age of 27. He had a moderate/severe hypertrophy (interventricular septum: 27 mm; left ventricular outflow tract obstruction: 50 mmHg) and showed a non-sustained ventricular tachycardia at Holter monitoring. As in our case, the patient's hypertrophied heart progressed to a slightly dilated left ventricle with severe systolic impairment.
The question of whether the myocarditis event that our index patient had experienced before he was clinically diagnosed with HCM might have contributed, as an external factor, to the clinical appearance of the disease, by triggering the underlying genetic substrate, arises. It is also possible that the heart attack that he faced might have worsened his ventricular function. However, the occlusion of the branch of the circumflex artery cannot explain the severe impairment of the systolic function. Thus, homozygosity of the MYBPC3 Pro873His variant seems to have caused a cumulative deleterious effect on the clinical course of our HCM patient who progressed to end-stage heart failure. Given the important clinical issue of risk stratification for determining which HCM patients are at highest risk of heart failure and sudden cardiac death, the presence of bi-allelic MYBPC3 missense variants in an individual may be a major factor in this cardiac event risk algorithm.
In conclusion, allelic balance may influence genotypephenotype correlations and should be an important consideration in the risk stratification of patients with HCM and their family members. Our data show that homozygosity for the MYBPC3 Pro873His variant very likely increases the risk of HCM pathogenesis and may contribute a cumulative effect, leading to earlier disease onset and adverse cardiac events. Interestingly, none of the heterozygote carriers in the present study have so far developed any hypertrophic features, suggesting that this variant as a heterozygote trait has a low penetrance and might be insufficient to cause a strong HCM phenotype. Therefore, homozygous and compound heterozygous MYBPC3 variants should prove to be clinically useful prognostic markers. However, the current evidence is preliminary, and more studies and case reports are required before the potential for translating the basic genetic information into clinical decision making concerning longitudinal evaluation and monitoring of HCM patients can be fully assessed.
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